Coupling these processes requires electron transfer networks that extend from the inside of the cell, across the outer membrane to the extracellular terminal electron acceptors. The best described of these networks is from Shewanella oneidensis MR-1, where four structures of outer membrane multiheme cytochromes (OMMCs) have been determined. These OMMCs contain 10-11 bis-histidine ligated c-type hemes and are directly involved in the reduction of iron and manganese oxides at the cell surface. The heme ligands for some of these structures have been characterised using electron paramagnetic resonance (EPR), the redox-properties have been mapped by protein film electrochemistry (PFE) and more recently molecular dynamic simulations have been used to obtain microscopic redox potentials for individual heme groups.. This review maps these different experimental techniques onto the structures, providing insight into the intramolecular electron transfer pathways of OMMCs, revealing future directions for study.
A C C E P T E D M A N U S C R I P T Introduction
Many bacteria can couple heterotrophic oxidation of organic matter to the reduction of terminal oxidants that substitute for molecular oxygen, a process commonly referred to as anaerobic respiration. This physiological property of bacteria is facilitated by oxidoreductase networks that oxidise quinol in the cytoplasmic membrane and relay the liberated electrons to specific terminal electron acceptor(s) [1] . The majority of Shewanella spp. have been shown to utilise insoluble nondiffusing terminal respiratory oxidants, namely soluble and insoluble transition metals [2, 3] . Biogenic reduction of minerals is a link between carbon cycling and geochemical cycles that affect mineral formation [4, 5] . Mineral reduction also affects redox processes such as methanogenesis and sulphate reduction in soil and aquatic niches [6, 7] , and the dissemination of many mineral-adsorbed molecules [8] [9] [10] [11] . The final enzyme-substrate electron transfer step at the microbe-mineral interface has been shown to be dependent on the expression of multiheme cytochromes associated with the Shewanella outer-membrane [12, 13] . MtrA and MtrD are decaheme cytochromes that form putative porin-cytochrome modules (with respective β-barrels MtrB and MtrE) to relay electrons from periplasmic reductants across the outer-membrane [12, 14, 15] . Electrons exit the porin-cytochrome complexes into Outer Membrane Multiheme Cytochromes (OMMCs) on the surface of the cell [16, 17] . This review compares the spectropotentiometric and structural data available for the four major clades of OMMCs that localize to the extracellular surface of the Shewanella outer bacterial membrane [18] [19] [20] [21] [22] .
Structural Features of the Shewanella OMMC family.
Shewanellacea genomes encode for multiple OMMCs with apparently similar functions. Bioinformatic analysis of Shewanella spp shows that the minimal OMMCs encoded for are the decahemes MtrC and either OmcA or UndA [23] . MtrC has been extensively characterised for its affinity to the MtrAB complex and its canonical role as a mineral reductase [15, 16] . MtrF has been identified as a component of the paralogous MtrDEF heterotrimer, which is up-regulated in aerobic S. oneidensis MR-1 biofilms [24] . A lipid anchor maintains OmcA's outer membrane localisation, and its mineral reduction activity is dependent on its association to MtrCAB [13, 25, 26] . A comprehensive gene knock-out study determined that the presence of either mtrC or omcA in the S. oneidensis genome maintained significant wild-type iron oxide reduction [13] . Known mineral-reducing Shewanella species that do not have omcA sites for electrons to enter and exit the structure, with two opposing ends of the cross pointing into the β-barrels and two exposed at the edges of the multiheme domains.
The structures also reveal a conserved CX [8] [9] [10] [11] [12] [13] [14] [15] C disulfide within the β -barrel of domain III. A second CX 2-3 C disulphide is in UndA, OmcA and a subpopulation of MtrC located within the N-terminal β -barrel domain I; this CX 3 C motif is present in the amino acid sequence of MtrF but the putative disulfide bond was not resolved due to poor electron density in that domain. There is appreciable structural conservation of OMMC domains, as well as significant maintenance of heme positioning, despite less than 25% sequence homology between the least divergent clade members [28, 30] .
The comparative spectro-potentiometric properties of the OMMCs
The internal molecular landscape of the OMMCs are likely to lead to distinct energy landscapes and subsequently different redox properties of the proteins.
Protein Film Electrochemistry (PFE) provides high-resolution potentiometric data of electrode-adsorbed protein [31] . The OMMCs are lipoproteins and it could be argued that protein in solution mimics their molecular environment best, although it is equally noted that molecular crowding at a densely-packed membrane surface with an insoluble substrate may be better reproduced by adsorbing a protein to an electrode [32] . . The EPR spectrum of OmcA contained a signal attributed to a population of high spin heme in addition to both LS and LGM signals [37] . However, the crystal structure of OmcA revealed that all 10 heme groups were low spin, suggesting that the observed high spin signal could be due to a small population of high spin hemes within the sample, possibly originating from denatured protein.
A C C E P T E D M A N U S C R I P T
It is possible to tentatively assign resonance signals to specific structural heme populations in the oxidised OMMCs in conjunction with the bis-histidine ring dihedral angle (φ bH ) data available from the published crystal structures (Figure 4 ). The published EPR spectrum of MtrC contains three resonance populations, including
LGM (g 1 ≈ 3.2), and two low spin: LS1 (g 1 ≈ 3.0) and LS2 (g 1 ≈ 2.86) (Fig 3) . Spin quantitation was not reported in this study, and so resonance populations cannot be attributed to structural hemes although the propionate group of heme 6 may deprotonate its own distal His 500 ligand, producing the low potential LS2 signal. LS1
appears to be the dominant resonance population by g 1 peak height. However, the Large-scale molecular dynamic simulations have attempted to resolve the electron transport network through the ten hemes of the MtrF molecular structure.
Microscopic redox potentials for the single electron reduction of each individual heme, with the other nine hemes in the oxidized states (i.e., oxidized MtrF) have been reported by two groups [38, 39] (Figure 4 ). Breuer et. al. (33) suggested that the potentials of the heme pairs across the two pentaheme domains were similar, allowing for bidirectional electron transfer pathways across MtrF. Wanatabe et al. (34) alternatively proposed that the heme potentials in domain IV were lower than in domain II, suggesting a downhill electron transfer path from domain IV to domain II.
Both studies identified the heme potentials in hemes 2 and 7 as being suitable for electron transfer to flavin groups and suggested heme 9 as being the lowest potential heme group, as opposed to heme 10 that was inferred from the crystal structure.
This may be due to the challenges of accurately modelling a low resolution MtrF structure, and it will be interesting to compare similar studies on the high resolution MtrC structure in the future.
The interaction of flavins and OMMCs
S. oneidensis secretes both riboflavin and flavin mononucleotide (FMN) and these secreted flavins have a substantial impact on the ability of S. oneidensis to reduce Fe(III) oxides [40] . One hypothesis is that both riboflavin and FMN function as soluble redox mediators that facilitate electron exchange between S. oneidensis and solid metal oxides [41] . This is supported by studies that identified a bfe gene in S.
oneidensis that was essential both for secretion of flavin into the extracellular medium and the ability of S. oneidensis to reduce Fe(III) oxides [42] . conserved disulfide has been reported [30] . S. oneidensis strains that are unable to form the disulfide were severely compromised in their ability to grow aerobically, but not anaerobically, suggesting that the MtrC-FMN flavocytochrome may reduce oxygen and produce reactive oxygen species, so its formation must be closely regulated during life at oxic-anoxic interfaces. This indicates that the flavin must bind within the proximity of conserved disulfide and close enough to one or more heme groups to support electron transfer at catalytic rate. For OmcA mutation of the distal axial ligand of heme 7 in OmcA has been shown to lower the affinity of OmcA for FMN, indicating a similar interaction [46] . Different groups have utilised molecular dynamic simulations to identify riboflavin and FMN binding sites on OMMC [43, 47, 48] .
Most recently two sites capable of binding riboflavin FMN binding sites were identified on OmcA close to hemes 5 and 7, while up to four possible binding sites were identified on MtrC close to hemes 1, 4, 7 and 9 [49] . The experimental data supports the binding of two flavin molecules to OmcA, and only one to MtrC, so it is still unclear which of these MD simulations best supports the experimental data.
Conclusion
The (Lower) in 50 mM HEPES, 100 mM NaCl, 0.5 % CHAPS [27, 33] . EPR recorded
A C C E P T E D M
A N U S C R I P T using a Bruker ER100 EPR spectrometer at 10 K using 9.68 GHz frequency, 10-G and Breuer et al. (right [39] ). The macroscopic heme potential determined for heme 10 is shown in bold [27] . 
